With low levels of human antibiotics in the environment due to release of wastewater treatment plant (WWTP) effluent, concern is rising about impacts on human health and antibiotic resistance development. Furthermore, WWTP effluent may be released into waterways used as drinking water sources. The aim of this study was to analyze three antibiotics important to human health (sulfamethoxazole, ofloxacin, and trimethoprim) in soil and groundwater at a long-term wastewater reuse system that spray irrigates effluent. Soil samples were collected (i) at a site that had not received irrigation for 7 mo (approximate background concentrations), and then at the same site after (ii) one irrigation event and (iii) 10 wk of irrigation. Water samples were collected three times per year to capture seasonal variability. Sulfamethoxazole was typically at the highest concentrations in effluent (22 ± 3.7 mg L ). Groundwater concentrations were typically <25 ng L −1 with high concentrations of 660 ± 20 and 67 ± 7.0 ng L −1 for sulfamethoxazole and ofloxacin, respectively. Given that antibiotics interacted with the soil profile and groundwater concentrations were frequently about 1000-fold lower than effluent, soil may be an adequate tertiary treatment for WWTP effluent leading to improved water quality and protection of human health.
Abstract
With low levels of human antibiotics in the environment due to release of wastewater treatment plant (WWTP) effluent, concern is rising about impacts on human health and antibiotic resistance development. Furthermore, WWTP effluent may be released into waterways used as drinking water sources. The aim of this study was to analyze three antibiotics important to human health (sulfamethoxazole, ofloxacin, and trimethoprim) in soil and groundwater at a long-term wastewater reuse system that spray irrigates effluent. Soil samples were collected (i) at a site that had not received irrigation for 7 mo (approximate background concentrations), and then at the same site after (ii) one irrigation event and (iii) 10 wk of irrigation. Water samples were collected three times per year to capture seasonal variability. Sulfamethoxazole was typically at the highest concentrations in effluent (22 ± 3.7 mg L −1 ) with ofloxacin and trimethoprim at 2.2 ± 0.6 and 1.0 ± 0.02 mg L −1 , respectively. In the soil, ofloxacin had the highest background concentrations (650 ± 204 ng kg ). Groundwater concentrations were typically <25 ng L −1 with high concentrations of 660 ± 20 and 67 ± 7.0 ng L −1 for sulfamethoxazole and ofloxacin, respectively. Given that antibiotics interacted with the soil profile and groundwater concentrations were frequently about 1000-fold lower than effluent, soil may be an adequate tertiary treatment for WWTP effluent leading to improved water quality and protection of human health.
Assessment of Soil to Mitigate Antibiotics in the Environment Due to Release of Wastewater Treatment Plant Effluent
Alison M. Franklin,* Clinton F. Williams, and John E. Watson O ver the last two decades, pharmaceuticals, personal care products (PPCPs), and other emerging contaminants have been measured at low but physiologically active levels in the environment (Kolpin et al., 2002; Kim et al., 2007; Loper et al., 2007; Watkinson et al., 2007) . Since most wastewater treatment plants (WWTPs) are not designed to completely remove emerging contaminants, these compounds are commonly present at low levels in effluent that is discharged into waterways. Although these low levels of PPCPs are typically not a concern with regard to overt toxicity, the long-term health implications for humans, animals, and the environment are not certain, especially for antibiotics, since low environmental concentrations could lead to increases or alterations in antibiotic resistance (Kümmerer, 2003) .
One way to possibly mitigate the presence of antibiotics (and other PPCPs) in waterways may be application of treated WWTP effluent on soil (Yong et al., 2013) . This type of effluent reuse is already used in arid regions for various purposes, including agriculture, industry, aquaculture, and other nonpotable water applications (Ensink et al., 2004; Bixio et al., 2005) , and is on the rise in other regions (Bennett, 2000) to help recharge groundwater supplies and even irrigate agricultural lands with food crops (Chang et al., 2002; Kinney et al., 2006; FAOSTAT, 2009 ). Due to its innate biological, chemical, and physical properties, soil can act as a natural filter, and antibiotics that pass through the profile may interact with soil particles and/or be degraded by soil microorganisms. Antibiotics may become adsorbed to the soil due to hydrostatic or hydrophobic interactions, hydrogen bonding, cation exchange or bridging, or even surface complexation, all of which may remove the compounds from soil water (Tolls, 2001) . This natural filtering process in the soil may help prevent antibiotics from reaching groundwater or reduce stream deposition via runoff.
In addition to degradation and sorption processes that may help reduce the presence of antibiotics in soil environments, uptake into plants may be another process that would minimize groundwater contamination throughout infiltration basins receiving WWTP effluent (Kuroda et al., 2012; Franklin et al., 2016) . Metabolism and biotransformation of certain PPCPs, including antibiotics, have been reported to occur once a plant takes up the compound from the soil solution (Wu et al., 2010; Dordio et al., 2011) . The extent of uptake, metabolism, and/or biotransformation would determine the effectiveness of plant uptake to remove an active compound from the soil system. To date, complete removal via plant uptake has not been noted.
This study analyzed the fate of three human antibiotics (sulfamethoxazole [SMX] , ofloxacin [OFL] , and trimethoprim [TMP]; Table 1 ) in WWTP effluent, soil, and groundwater in an agricultural system where effluent is spray irrigated. These three antibiotics are commonly found at concentrations ranging from nanograms to micrograms per liter in effluent and natural waterways, with higher concentrations typically in effluent, but concentrations in the micrograms per liter range documented in surface waters (Kolpin et al., 2002; Kim et al., 2007; Loper et al., 2007; Watkinson et al., 2007) . At these environmental concentrations, ecotoxicological impacts due to chronic exposure are feasible given estimated threshold concentrations as low as 0.5 mg L −1 (Ferrari et al., 2004; Straub, 2013) . In addition, due to rising numbers of antibiotic-resistant bacteria in human and animal health, the release of antibiotics into the environment is now viewed as a health risk (Kümmerer, 2003; WHO, 2012) , since emergence of antibiotic-resistant bacteria has been shown to occur after exposure to antibiotic concentrations that are several hundred-fold lower than minimum inhibitory concentrations (Gullberg et al., 2011; Liu et al., 2011) . Therefore, concern exists regarding low levels of antibiotics when WWTP effluent is released directly into open waterways. The overall goal of this study is to determine if soil can help mitigate antibiotics from reaching groundwater.
Materials and Methods

Chemicals
Analytical standards (SMX [99.9%], OFL [>99%], and TMP [99%]), acetonitrile, and methanol were purchased from SigmaAldrich. Formic acid, 0.1% formic acid in acetonitrile, and 0.1% formic acid in water were purchased from Fisher Scientific. Solvents were liquid chromatography-mass spectrometry grade (>98% purity). Water was nanopure (18 MW).
Study Site
The Living Filter at Pennsylvania State University (University Park, PA) is a wastewater reuse site, where effluent from University Park WWTP is spray irrigated on cropped, grassed, and forested lands (209 ha) year round. The Living Filter has two irrigation sites: Gamelands and Astronomy (Fig. 1) . The University Park WWTP is permitted to treat up to 15 million L (4 million gallons) of wastewater per day, and the plant includes two treatment trains: activated sludge and trickling filters. Water processed through tricking filters undergoes a biological nutrient removal process to reduce NO 3 levels, and the disinfected treated water from the two parallel trains is combined for subsequent spray irrigation. Every week in 12-h intervals, ?5 cm of effluent is land applied. Depth to regional groundwater table is ?30 m beneath the soil profile and underlying unconsolidated geologic material (Parizek et al., 1967) . The soil is predominately Hagerstown silty clay loam (fine, mixed, semiactive, mesic Typic Hapludalf ) and Hublersburg silt loam (clayey, illitic, mesic Typic Hapludult) ( Table 2 , Soil Characteristics). During spring and summer when sampling occurred, average daily temperature range was 7 to 31°C, and average monthly rainfall was 7 cm.
The study site, Astronomy Site, has undergone extensive research over the past 20 yr. Effluent-irrigated soil samples were collected from a cropped area that had been rotated between corn silage (Zea mays L.), winter wheat (Triticum aestivum L.), and a cover crop, sorghum-sudangrass [Sorghum bicolor (L.) Moench ´ S. bicolor var. sudanense (Piper) Hitchc.] ( J. Loughran, personal communication, 2016) . During this study period, winter wheat was planted the previous fall and harvested in mid-July (after Samplings 1 and 2). After wheat harvest, corn was planted and harvested in mid fall (after Sampling 3). Control samples were collected from Pennsylvania State University's Russell E. Larson Agricultural Research Farm at a field location that had never received manure or WWTP effluent.
Sample Collection
Triplicate soil samples were collected three times at the Astronomy Site using a handheld bulk density sampler for 20-cm depths (Sampling 1) and a hydraulic soil sampler for 80-cm depths (Samplings 2 and 3). Locations were ?15 m from a solid Ofloxacin [(±)-9-fluoro-2,3-dihydro-3-methyl-10-(4-methyl-1-piperazinyl)-7-oxo-7H-pyrido set spray irrigation head. At this distance, soil would receive the most direct spray and largest effluent volume (Dadio, 1998) . Due to elevation differences, samples were taken at a summit (highest elevation) and a depression (lowest elevation) to account for runoff into depressions and soil profile differences due to elevation. The Astronomy Site had not received effluent irrigation for 7 mo over the fall and winter. The first sampling time period at a summit location ( ), and ?20 wk after Sampling 2.
Triplicate effluent and groundwater samples (1 L) were collected in dark amber glass bottles at the University Park WWTP and the Astronomy Site, respectively, in spring, summer, and fall to account for seasonal variations in antibiotic concentrations. As a college town, University Park's population would be highest during fall and spring due to resident student populations and lowest during summer when most students leave. Effluent samples were collected prior to soil Samplings 2 and 3 to estimate final antibiotic concentrations applied to soil.
Sample Analysis
Soil core samples were separated by depth with subsets for soil chemical and physical characterization. Samples for quantifying antibiotic concentrations were freeze dried, hand ground (<2 mm), and stored at <0°C. Analysis of SMX, OFL, and Clay loam (26-41-33) † pH and electrical conductivity were measured using ratios of 1:2 and 1:1 of soil to water, respectively. ‡ Carbon content was determined using a Carlo Erba CHNS-O Elemental Analyzer, EA1110 (Leco Corporation). § Texture was determined using the hydrometer method (Nelson and Sommers, 1996) .
Fig. 1. Map of Pennsylvania State University's Living Filter showing the two irrigation sites (Gamelands and Astronomy) in relation to the Pennsylvania State University Park campus and locations for soil sampling (blue rectangle) and groundwater wells (red circles).
TMP occurred concurrently by accelerated solvent extraction (ASE-300, Dionex). Soil samples (?10 g) and Ottawa 20/30 silica sand (US Silica Company) were added to 34-mL cells until 75% full and mixed, and then filled with additional silica sand. Dionex cellulose filters (Thermo Scientific) were placed at each end of cells and sealed with high-pressure end caps. Extraction consisted of two static cycles (10 min) with 50:50 acetonitrile/ water with 0.1% formic acid at 100°C, 10,342 kPa (1500 psi), a 100% pore volume final flush, and purge for 60 s. The ASE solution (?70 mL) was collected and diluted with water (2 L) for <5% organic phase. Diluted ASE solutions (soil extracts), effluent, and groundwater samples (1 L) underwent solid phase extraction (SPE). Samples were filtered with Whatman glass fiber filters (0.7-mm pore size), then loaded on Oasis HLB (Waters Company) SPE cartridges preconditioned with methanol (6 mL) and water (6 mL). After loading, cartridges were air dried (5 min) and eluted (50:50 acetonitrile/methanol [6 mL]). Solvent was evaporated to dryness (N 2 , 35°C). Samples were reconstituted in 50:50 acetonitrile/water (1 mL).
Sulfamethoxazole, OFL, and TMP were quantified in soil, effluent, and groundwater extracts with a Waters Micromass Quattro Micro liquid Chromatography with tandem mass spectrometer (LC-MS/MS) using an injection volume of 20 mL. Separations were performed using 2.1-mm ´ 30-mm XTerra MS C18 columns with 2.5-mm stationary phases (Waters Company). Operating conditions for liquid chromatography were a 0.25-mL min −1 mobile-phase flow rate with a binary mobile phase of 0.1% formic acid in acetonitrile and 0.1% formic acid in water. Initial conditions were 5:95 acetonitrile/water, followed by isocratic flow (1.5 min). Then, a linear gradient from 5:95 to 90:10 acetonitrile/ water was applied for 5 min, followed by 1.5 min isocratic flow at 90:10 acetonitrile/water, after which mobile phase returned to 5:95 acetonitrile/water. Mass spectrometer settings were electrospray positive with 350°C desolvation temperature. Sulfamethoxazole, OFL, and TMP eluted at 5.15, 4.54, and 4.47 min, respectively, and were quantified using multiple-reaction monitoring of characteristic transitions (m/z, mass/charge): 253.94 > 155.95, 362.08 > 318.13, and 291.07 > 230.07, respectively.
Data and Statistical Analysis
Means and SDs were calculated for antibiotic concentrations in samples. t tests were performed to compare concentrations at different sampling time periods and soil depths. For LC-MS/ MS, six-point calibration curves were used with standards of 0 to 100 mg L −1 (soil) and 0 to 10 mg L −1 (water) in 50:50 acetonitrile/ water. Percentage recoveries for water (SMX = 100%, TMP = 75%, OFL = 32%) and soil (SMX= 89%, TMP = 92%, OFL = 31%) were determined using fortified (spiked) matrices (nanopure water and soil never receiving effluent nor manure applications) at concentrations of 0.5 and 2.5 mM, respectively. As a zwitterion, a molecule possessing both a positive and negative functional group, OFL required a pH adjustment (2.8) for recoveries of 75% in water, and appreciable recoveries in soil were not possible. Limit of detection (LOD) and limit of quantification (LOQ) ( Table 1) were calculated: LOD = 3(SD of low standard)/(calibration curve slope) and LOQ = 10(SD of low standard)/(calibration curve slope). Statistical analysis of samples that were less than the LOD and between the LOD and LOQ were 1/2(LOD) and LOD + 1/2(LOQ -LOD), respectively (USEPA, 2000) .
, blanks and standards were run randomly as samples, and standards were run every eight samples.
Results and Discussion
Overall Effluent and Soil Results
The WWTP effluent that was spray irrigated on agricultural soil at the Living Filter's Astronomy Site contained concentrations of the three antibiotics (SMX, OFL, and TMP) ranging over three orders of magnitude, from 11 ng L −1 to 22 mg L −1 (Table 3 ). The highest concentrations of antibiotics in effluent were typically found in the spring with maximum concentrations of 22, 2.2, and 1.0 mg L −1 for SMX, TMP, and OFL, respectively. In the summer, the average concentrations for each antibiotic compound were typically lower than spring and fall, ranging from 11 to 290 ng L −1 . Influent data show a similar pattern of higher concentrations in the fall and spring (mg L −1 range) and lower concentrations in the summer (ng L −1 range). This seasonal variability of antibiotic concentrations is most likely due to changes in the population density of University Park. During the fall and spring, the number of resident students is at its highest, which correlates with higher concentrations of antibiotics. In the summer months, the majority of students leave campus, and antibiotic concentrations in effluent are, correlatively, lower.
Analysis of soil samples collected during Sampling 1 prior to the first spray irrigation event showed that SMX and OFL were recalcitrant in the soil profile even after 7 mo without receiving effluent irrigation. Degradation could have been limited for these compounds due to the low temperatures associated with winter months in Pennsylvania (typically −7 to 10°C) and/or due to strong interactions with the soil profile that limited availability for abiotic or microbial degradation. Concentrations of SMX and OFL were predominately found associated with the top 0 to 5 cm of the soil profile, most likely due to higher organic carbon (OC) content in the surface soil. As expected given its higher soil adsorption coefficient (K d ) values, OFL had significantly higher concentrations throughout the soil profile than SMX (p < 0.05) with a maximum concentration of 510 ± 75 ng kg −1 , whereas SMX had a maximum concentration of 280 ± 20 ng kg −1 . Trimethoprim was not detected during this first sampling period.
Soil Sampling 2 followed a single effluent irrigation event that consisted of effluent being applied at a rate of 12 cm ha −1 over a 12-h period. During that irrigation event, the concentrations of the antibiotic compounds in the effluent were 220 ± 11, 240 ± 2.0, and 87 ± 8.0 ng L −1 for SMX, TMP, and OFL, respectively. Given these concentrations, each hectare of land would have received approximately 110, 120, and 43 mg, and each soil core would have received approximately 8.0, 8.4, and 3.0 mg of SMX, TMP, and OFL, respectively. Even though TMP was present in the effluent, it was not detected in the soil profile during this sampling period. Sulfamethoxazole and OFL were again quantified in the soil profile; however, after only one irrigation event, the concentrations present in the top 15 cm of the soil profile were not significantly different than the concentrations present prior to irrigation (Sampling 1). Sulfamethoxazole and OFL were also quantified down to a depth of 80 cm in the soil profile, demonstrating that these compounds are not completely retained in the upper 15 cm of the soil profile but also possess downward movement and some mobility with concentrations decreasing by depth. Although depression and summit soil cores were collected, the concentrations of SMX and OFL in these samples by depth were not statistically different even though some of the average concentrations for SMX and OFL at the depression location were higher than those for the summit soil cores.
Soil Sampling 3 occurred after 10 wk of weekly 12-h effluent irrigation events during the summer growing season of a corn crop. The average effluent concentrations were 290 ± 410, 11 ± 16, and 35 ± 46 ng L −1 for SMX, TMP, and OFL, respectively, and the effluent spray irrigated the day prior to sampling had slightly higher average concentrations (Table 3) . For this sampling time period, TMP was quantified throughout the soil profile with the highest concentrations in the upper 30 cm of the profile for both the depression and summit locations (ranging from 18 ± 4.0 to 190 ± 71 ng kg −1 ) (Fig. 2) . Sulfamethoxazole and OFL were again quantified throughout the soil profile and typically decreased by depth. The concentrations of SMX were significantly higher for this sampling period than in Samplings 1 and 2 for all soil depths (p < 0.05), except for the 5-to 15-cm depth. On the other hand, the average concentrations for OFL were lower than for the previous sampling periods, and concentrations below the depth of 5 cm were significantly lower than concentrations previously quantified in Samplings 1 and 2 (p < 0.05).
Sulfamethoxazole
Due to its lower sorption coefficients (K d = 0.3-36 L kg −1 ), SMX was expected to have weak interactions and sorption potential in the soil profile (Drillia et al., 2005; Figueroa-Diva et al., 2010; Liu et al., 2010; Zhang et al., 2014) . With a soil pH of ?7 in the cropped location of the Astronomy Site, the speciation of SMX would be predominately anionic with a smaller proportion in the neutral state. The anionic species would tend to be repelled by the soil particles and be located in the soil solution, whereas the neutral species would interact preferentially with OC. Degradation of SMX in soil is possible with the formation of N 4 -acetyl sulfamethoxazole, a metabolite that is less persistent than SMX in the soil. However, the rate of degradation varies greatly on the basis of soil type and quality (Koba et al., 2017) .
According to the soil data from the Astronomy Site, SMX did interact with the soil profile and was retained in the upper 80 cm even after 7 mo without irrigation. Even though SMX was the antibiotic compound at the highest concentrations within the effluent (Table 3) , one irrigation event with a concentration of 220 ± 11 ng L −1 did not significantly increase the concentration of this antibiotic in the upper 5 cm of the soil profile. However, after 10 wk of effluent applications plus typical rain events during summer months, concentrations of SMX did increase significantly in the upper 5 cm, as well as from 15 to 80 cm, which indicates the mobility of this compound down through the soil profile with each successive irrigation and rain event.
Ofloxacin
Of the three antibiotics analyzed, OFL was anticipated to have the strongest interactions with the soil particles throughout the profile given its high sorption potential in soils containing high organic matter or OC and cation exchange capacity. Due to its inherent pK a (Table 1) , it would also have sorption that is dependent on the pH of the system (Peng et al., 2014) . Given the pH of the WWTP effluent and the soil at the Astronomy Site (?7), OFL would be in its zwitterionic state (possessing both positive and negative charges), which may cause the compound to stay in the soil solution rather than interact with the soil profile, thereby making it available for movement down through the soil profile or even plant uptake. The recalcitrant nature of OFL (and other fluoroquinolones) has been previously noted (Marengo et al., 1997) . Although it can be degraded by specific fungal species like white rot fungi (Phanerochaete chrysosporium), the process is very slow and typically influenced by the bioavailability of the compound in the soil profile (Girardi et al., 2011; Gros et al., 2014) . Ofloxacin can undergo photodegradation, but that would have limited impacts in the soil and groundwater systems (Singh et al., 2016) .
In the WWTP effluent, OFL was present at average concentrations of 1.1 ± 1.5 mg L −1 and 35 ± 46 ng L −1 in the spring and summer, respectively. Ofloxacin was recalcitrant within the soil profile throughout the year with higher concentrations than SMX in the soil profile even after 7 mo without effluent irrigation. Interestingly, after 10 wk of effluent applications over the summer months, the concentration of OFL in the soil profile decreased significantly (p < 0.05). However, OFL is typically not considered mobile or biodegradable in the soil profile (Kümmerer et al., 2000; Massé et al., 2014) , and although some of the compound reaches the groundwater, it is typically significantly lower in concentration than the groundwater concentrations of the more mobile SMX.
The decrease in soil concentrations of OFL could be due to a variety of factors, including, but not limited to, thermal 
Average concentrations (± SD) of three antibiotics (sulfmethoxazole [SMX], trimethoprim [TMP], and ofloxacin [OFL]) in Pennsylvania State
University's wastewater treatment plant effluent prior to soil sampling dates † and by season ‡.
Sampling time
Effluent samples SMX TMP OFL
Prior to Sampling 2 220 ± 11 240 ± 2 87 ± 8 Prior to Sampling 3 501 ± 120 110 ± 14 140 ± 26 Spring avg.
11,000 ± 15,000 620 ± 540 1100 ± 1500 Summer avg.
290 ± 410 11 ± 16 35 ± 46 Fall-Winter avg. 600 ± 550 350 ± 320 190 ± 90 High concentration (season) 22,000 ± 3700 (spring) 1000 ± 20 (spring) 2200 ± 600 (spring) † Samplings 2 and 3 took place in April and September of 2016, respectively. ‡ Averages by season represent samples taken from 2013 until 2017.
degradation, plant uptake, and/or photodegradation. At elevated temperatures, OFL has been found to degrade rapidly compared with more thermal-stable compounds like SMX (Hsieh et al., 2011; Solanki et al., 2016) . For plant uptake, both wheat and corn crops were planted at the Astronomy Site during this study. Ofloxacin and norfloxacin, a fluoroquinolone with similar structure and physicochemical characteristics, have been shown to be taken up by wheat (grain: 2.3 ± 0.89 mg kg −1 , straw: 10.2 ± 7.1 mg kg −1 [dry weight]) and corn (25-45 mg kg −1 [dry weight]), respectively (Pan et al., 2014; Franklin et al., 2016) . Since effluent is spray irrigated, in addition to plant uptake, concentrations of OFL could accumulate on plant surfaces and not reach the soil surface, as shown by Franklin et al. (2016) with OFL surface concentrations of 1.8 ± 0.8 to 4 ± 6 mg kg −1 (dry weight). Finally, because OFL is susceptible to photodegradation and accumulates on plant surfaces, photodegradation may be a degradation factor in summer (Singh et al., 2016) .
Trimethoprim
Trimethoprim was expected to exhibit lower sorption with soil particles than OFL but higher sorption than SMX, because of its K d range of 6.73 to 9.21 L kg −1 (Zhang et al., 2014) . At the pH of the cropped soil at the Living Filter (typically ?7), TMP would be in its neutral form and prefer to interact with OC in the soil, rather than be in the soil solution. Degradation of TMP is known to occur in the soil environment; however, the rate of degradation varies greatly depending on the soil type and properties. Specifically, TMP will degrade fastest in high-quality soils with higher total OC and aerobic conditions, since biodegradation plays a major role in its dissipation (Koba et al., 2017) . Its main degradation product is hydroxy trimethoprim, which has been found to be persistent in a soil environment.
Although TMP was present in the effluent at concentrations ranging from 11 ng L −1 to 1 mg L −1 , this compound was only quantifiable in the soil profile after 10 wk of effluent applications and was, for the most part, below LOQ or LOD in the groundwater system. Even when this compound was quantifiable in the soil profile, it was at concentrations that were significantly lower than the concentrations of SMX and OFL, yet its concentration in the effluent that was spray irrigated was similar to that of OFL The disappearance of this compound in the soil and water environment may be due to strong interactions with the soil profile, formation of complexes that do not allow it to be extracted completely, or rapid degradation within this soil system. Consequently, TMP is only present within the Living Filter soil system at low concentrations after repeated effluent applications. 
Groundwater Results
For the groundwater samples, concentrations of the three antibiotics ranged from below the LOD for TMP to 660 ± 20 ng L −1 for SMX (Table 4) . Sulfamethoxazole was the antibiotic compound that was present in the groundwater system most frequently and at the highest concentrations but still variable throughout the year with a mean concentration of 92 ± 150 ng L −1 . Although OFL was consistently quantified in groundwater samples, it was typically lower than SMX with mean and maximum concentrations of 13 ± 20 and 67 ± 7 ng L −1 , respectively. Trimethoprim was below the LOD for most samples, with only three samples containing quantifiable concentrations. Therefore, given these results, SMX appears to be more mobile in the soil system with a larger fraction reaching groundwater, OFL appears to be less mobile with limited quantities reaching the groundwater, and TMP is not expected to reach the groundwater system.
The concentrations of these antibiotic compounds found in the groundwater system at the Living Filter were typically lower than concentrations of these same compounds found in US surface waters receiving WWTP effluent (Table 4) . As expected for OFL, with its strong interactions with the soil profile, concentrations in groundwater at the Living Filter (0.14-67 ng L ). Based on the findings in this study compared with typical US surface water concentrations, the soil profile at the Astronomy Site may reduce the concentrations of antibiotics reaching natural waterways.
Risks of Exposure to Antibiotics in Soil and Groundwater
This study presented variable concentrations of antibiotics in effluent, soil, and groundwater (11-22,000 ng L , respectively). At some of the higher concentrations, these antibiotics could have negative ecological consequences, specifically with regard to antibiotic resistance development in bacteria and toxic effects in lower order organisms. Alterations in antibiotic resistance have been noted at concentrations that are several hundred-fold lower than lethal concentrations for susceptible bacterial cells (Gullberg et al., 2011) . Although limited data is available for development of antibiotic resistance in environments affected by low concentrations of anthropogenic antibiotics, predicted no-effect concentrations ( ; however, concentrations in soil and groundwater were all lower than this PNEC. Similarly, for OFL and TMP, their highest concentrations and the spring averages in effluent samples were higher than their PNECs of 500 ng L −1 , whereas concentrations of TMP in soil and groundwater and OFL in groundwater were all lower than their PNECs. Ofloxacin did have maximum concentrations in soil that were slightly higher than its PNEC but may not have an effect, since bulk soil analysis does not take into account bioavailability. Therefore, at the Living Filter, development of antibiotic resistance for certain antibiotics might occur in effluent and soil, but probably not in groundwater.
As for potential toxic effects in soil and groundwater organisms, the PNECs for SMX, OFL, and TMP vary by organism but are typically in the nanograms to micrograms per liter range (Lützhøft et al., 1999; Choi et al., 2008; Park and Choi, 2008; van der Aa et al., 2012; Guo et al., 2016) . Ofloxacin may pose the greatest ecological risk with its low overall PNEC of 26 ng L −1 for algae, crustaceans, cyanobacteria, and other lower order soil and water organisms, since most of its concentrations in effluent, soil, and groundwater samples at the Living Filter were higher than this value. Sulfamethoxazole has an overall PNEC of 590 ng L −1 , which means that in effluent and soil, especially after continuous applications of WWTP effluent, SMX may lead to Mean Max. (Batt et al., 2006) , New York (Fogarty et al., 2007) , Arkansas (Haggard and Bartsch, 2009) , and Pennsylvania (Loper et al., 2007) . ‡ TMP was only quantified in three groundwater samples out of 27 samples collected from 2013 until 2017. § LOD, limit of detection.
ecological toxicity in lower order soil organisms (dependent on soil bioavailability) and at times may cause issues in water organisms given a maximum groundwater concentration of 660 ng L −1 . Trimethoprim has a PNEC of 16 mg L −1 and would most likely not pose an ecological risk at the Living Filter. However, since PNECs are estimates, additional research would be necessary to determine the actual ecological risk that these compounds pose at the Living Filter, especially when organisms are exposed to mixtures of compounds.
With regard to human risk, concentrations of antibiotics in groundwater pose a more direct human health threat than those found in the soil profile due to utilization of groundwater through personal wells and/or groundwater reaching surface waters. According to groundwater data at the Astronomy Site and average daily water consumption of 3 to 4 L for an adult (Institute of Medicine, 2005) , intake of one antibiotic could be 0.4 ng d −1 to 2.6 mg d −1
, which is ?10 −6 times lower than a typical daily dose (160-1600 mg) of an antibiotic treatment (US FDA, 2015) . However, levels for human exposure are expected to be lower than those estimated, because as groundwater moves away from the Living Filter and mixes with other water sources, antibiotic concentrations would be diluted. As a result, acute toxicity would not be an issue; however, toxicological data for long-term exposures are nonexistent. The potential for cumulative effects due to constant exposure to low concentrations and mixtures of biologically active compounds is cause for concern. In addition, a database of concentrations of antibiotics and other PPCPs would be beneficial to analyze trends and better understand the potential risks associated with these low-level contaminants (Daughton, 2004) .
Conclusions
The findings of this study demonstrate that certain antibiotic compounds will adsorb to soil particles within the profile when WWTP effluent is spray irrigated. According to comparisons between sampling time periods and amounts of effluent applied to the soil, OFL has the potential to accumulate in the soil profile, can be recalcitrant to degradation, and is in general less mobile; SMX does interact with the soil profile but is more mobile, with a larger fraction reaching the groundwater system; and TMP degrades fairly quickly, does not accumulate in the soil profile, and does not reach the groundwater system at appreciable concentrations. The results from this study appear to indicate that spray irrigation of effluent on soil may help lower concentrations of these antibiotic compounds in water systems, since concentrations in this groundwater system were lower than in surface waters receiving direct release of effluent. However, the presence of antibiotics in soil and groundwater, even at nanogram per kilogram and nanogram per liter concentrations, may pose potential health risks for humans, animals, and lower order organisms, specifically antibiotic resistance development, ecotoxicological impacts, and possible chronic health effects.
